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Europa. The Pluto rock fractions given above are in fact minimum estimates. They count organic matter 
as part of the ice fraction (which is appropriate for calculating volume fractions that affect viscosity or 
uncompressed density). From a cosmogonic point of view, the corrected mass fractions are - 0.73 - 0.86 
(!) for differentiated and undifferentiated models. In addition, Pluto has a methane surface of uncertain 
depth. Adding a cool. low-density methane layer to the models drives the rock/(rock + water-ice) mass 
fraction up by about 1.7% per 10 km of methane for fully differentiated models and 3.1% per 10 km for 
undifferentiated ones. Clearly, Pluto's high rock/ice ratio is a fundamental clue to its origin. We consider 
four explanations. 

( I )  Pluto formed in the inner solar system. This concept goes back to erroneous ideas 
that Pluto is composed of impossibly dense materials. In this case, however, an explanation as to how 
Pluto acquired its non-negligible ice component and satellite is lacking. It is, of course, far-fetched that 
an object would be scattered into the outer solar system only to be trapped in a stable resonance with 
Neptune while there are plenty of local objects to be captured. 

(2) Pluto lost volatiles during accretion. Ahrens and O'Keefe [6] proposed that Ganymede 
and Callisto preferentially lost water ice due to impact vaporization, thereby increasing satellite rock/ 
water-ice ratios from the -40160 cosmic value. Because satellite formation times are rapid, Stevenson et 
al. [7] prefer a scenario in which interaction with the proto-Jovian nebula allows steam to escape back 
into it. The mechanism of [6] fails for Pluto because infall velocities are low (<I km s-l; see their Fig. 
5). Any proto- Uranian or Neptunian nebula was also probably too cold for the scheme of [7]. This is 
another argument against the generally discredited theory that Pluto is an escaped satellite of Neptune. 

(3)  Pluto lost volatiles during the large-body impact that created Charon. This is 
not evaluated here, but it is worth noting that, with such low-mass objects, the collision that could have 
created a binary pair would be a low velocity one [e.g., 81. Whether enough icy material could be 
scattered out of the resonant phase space should be carefully studied. 

(4) Pluto is a large outer solar system planetesimal. This is our preferred explanation. 
It is dynamically plausible. It also provides a natural explanation for Pluto's high rocwice ratio. Kinetic 
inhibition of equilibrium in the solar nebula favors the production of oxidized carbon and nitrogen 
compounds at the expense of methane and ammonia [3,9]. And if carbon is in the form of CO, enough 
oxygen is taken up that the rockhce ratio is raised to - 70/30 [10,11]. Assemblage of outer solar system 
planetesimals from pre-solar grains may give a similar result. Pluto may be the first major solar system 
object for which the kinetic inhibition argument applies. In fact, its rock/ice ratio is so high that carbon 
may need to be in the form of C02 (as it apparently is in Halley). Competing uncertainties are the 
graphite and organic carbon fraction and the effect of Charon's formation. Finally, we note that the 
presence of CH4 on Pluto's surface is not an argument against CO or C a ;  the methane could have been 
produced by the thermal metamorphism of organic material in Pluto's core. 
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